antagonist, but not by losartan, an AT 1R antagonist, and was mimicked by the AT2R agonist CGP-42112. Nitric oxide (NO) synthase is present in CCD cells that express ROMK channels. Blockade of NO synthase with N-nitro-L-arginine methyl ester and free NO with 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide potassium salt completely abolished ANG II-stimulated ROMK channel activity. NO enhances the synthesis of cGMP, which inhibits phosphodiesterases (PDEs) that normally degrade cAMP; cAMP increases ROMK channel activity. Pretreatment of CCDs with IBMX, a broad-spectrum PDE inhibitor, or cilostamide, a PDE3 inhibitor, abolished the stimulatory effect of ANG II on ROMK channels. Furthermore, PKA inhibitor peptide, but not an activator of the exchange protein directly activated by cAMP (Epac), also prevented the stimulatory effect of ANG II. We conclude that ANG II acts at the AT2R to stimulate ROMK channel activity in CCDs from HK-fed rats, a response opposite to that mediated by the AT1R in dietary K ϩ -restricted animals, via a NO/cGMP pathway linked to a cAMP-PKA pathway.
angiotensin II; angiotensin II type 2 receptor; cortical collecting duct; renal outer medullary potassium channel; protein kinase A THE KIDNEY PLAYS A PIVOTAL ROLE in maintaining K ϩ homeostasis in response to dietary K ϩ loading or restriction. This is accomplished, in large part, by modifications in urinary K ϩ excretion. Alterations in the activity of K ϩ secretory channels in the apical membrane of distal nephron segments, including the connecting tubule and cortical collecting duct (CCD), are critical in this adaptive response. Two types of conducting K ϩ channels have been identified in the apical membrane of these segments: a K ϩ secretory channel encoded by the renal outer medullary K ϩ (ROMK) channel, considered to mediate baseline K ϩ secretion (11, 54) , and the Ca 2ϩ -activated maxi-K ϩ channel, proposed to mediate flow-stimulated K ϩ secretion (31, 62) . The expression and activity of both channels have been shown to respond to changes in dietary K ϩ intake (28, 31, 49) . However, the molecular mechanisms underlying the regulation of channel activity remain incompletely understood.
The renal adaptation to a high-K ϩ (HK) diet is associated with an increase in the density but not open probability of the well-characterized ROMK channel in the mammalian distal nephron (11, 32, 54) . Patch-clamp studies of the apical membrane of CCD principal cells have revealed that ROMK channel density, measured as channel number per m 2 patch membrane area, increased more than threefold after only 6 h on a HK diet and more than fivefold after 48 h on the same HK diet compared with animals fed a normal-K ϩ (NK) diet (33) . This aldosterone-insensitive response (33) was proposed not to be due to an increase in ROMK mRNA in single CCDs or channel protein abundance, as determined by in situ hybridization and immunoblot analysis (12) , respectively. The rapid and stable increase in the density of the channel was attributed by the authors to the activation of a silent pool of channels in the cell membrane or translocation of existing ROMK proteins from the cytoplasm to the cell membrane (12) . In support of the latter mechanism, emerging evidence suggests that ROMK channel density in the plasma membrane depends on the balance of phosphorylation and dephosphorylation of a specific tyrosine residue in the channel protein (27) . Protein tyrosine kinase responds to changes in the extracellular K ϩ balance (51). Dietary K ϩ loading and the consequent increased ROMK channel activity are associated with reduced tyrosine phosphorylation of the channel protein and attenuated endocytotic removal of channels from the apical cell membrane (19) , whereas dietary K ϩ restriction induces an opposite response (51) .
The renal intratubular renin-angiotensin system (RAS), which is independently regulated from the RAS in the plasma circulation (for a review, see Ref. 48 ), contributes to the control of salt and water transport within the kidney (60) . ANG II mediates its biological effects by interacting with two major subtypes of receptors: ANG II type 1 and 2 receptors (AT 1 Rs and AT 2 Rs, respectively). Each of the receptors has an unique pattern of expression, signal transduction mechanisms, and effects (6) . Both AT 1 R and AT 2 R expression have been identified in the adult kidney (26) . We (60) have recently reported that ANG II via AT 1 Rs inhibits ROMK channel activity through a protein tyrosine kinase-dependent pathway under conditions of dietary K ϩ restriction. Given that AT 1 Rs and AT 2 Rs generally function in an antagonistic manner (6), we speculated that AT 2 R activation would stimulate ROMK channel activity. This hypothesis was confirmed, and the signaling pathway was explored in the present study. Specifically, our results indicate that ANG II, via the AT 2 R, stimulates ROMK channel activity in CCDs from HK-fed rats above and beyond the well-described dietary K ϩ -induced increase in channel activity (33) via nitric oxide (NO)/cGMP/phosphodiesterase (PDE) linked to a cAMP/PKA pathway.
METHODS

Preparation of CCDs.
Pathogen-free Sprague-Dawley rats of either sex (5-6 wk old, Taconic Farms, Germantown, NY) were fed either NK diet (1.1% K ϩ and 0.4% Na ϩ lab rodent diet 5001, LabDiet, St. Louis, MO, for the data shown in Fig. 1 Rats were euthanized by cervical dislocation. Kidneys were immediately removed, and several thin coronal slices were cut with a razor blade and placed in ice-cold Ringer solution for microdissection of CCDs, as previously described (60) . Ringer solution contained (in mM) 140 NaCl, 5 KCl, 1.8 CaCl 2, 1.8 MgCl2, and 10 HEPES (pH 7.4). To immobilize tubules for patch clamp or immunolabeling, CCDs were affixed to 5 ϫ 5-mm coverglasses coated with poly-Dlysine.
Patch-clamp recordings. The basic patch-clamp methods have been previously described (58, 60) . In brief, each isolated CCD affixed to a coverglass was transferred to a chamber (total volume: 1,000 l) mounted on the stage of a Nikon inverted microscope. The chamber was filled with Ringer solution. The CCD was cut open with a sharpened micropipette to expose the apical membrane. Patch-clamp pipettes were pulled using a Flaming/Brown micropipette puller (model P-87, Sutter Instrument, Novato, CA) in two stages with borosilicate glass capillaries (Dagan, Minneapolis, MN). Pipettes were fire polished using a microforge (model MF-830, Narishige Scientific Instrument Laboratory, Tokyo, Japan) and had resistances of 2-5 M⍀ when filled with a solution containing (in mM) 140 KCl, 1.8 MgCl2, and 5 HEPES (pH 7.4). Experiments were performed at room temperature. Agonists and inhibitors were added to the chamber for at least 5 min, but not longer than 30 min, before recordings were obtained. Currents originating in each cell-attached patch were recorded using an Axon200B patch-clamp amplifier (Axon Instruments, Burlingame, CA). Currents were low-pass filtered at 1 kHz. Data were digitized using an Axon interface (Digidata 1200) and stored on the computer hard drive.
Immunohistochemical staining and confocal microscopy. Isolated CCDs affixed to a coverglass were fixed with 2.5% paraformaldehyde prepared in 1ϫ PBS plus 0.05% picric acid (pH 7.4) for 2-3 min and then rinsed with base buffer (1ϫ PBS containing 1% BSA and 0.1% glycine). Thereafter, tubules were permeabilized with permeabilization solution (0.1% Triton dissolved in the base buffer) for 1 h at room temperature and then incubated with rabbit polyclonal IgG anti-AT2R antibody (1:200 dilution in permeabilization solution) overnight at 4°C; this antibody, directed against a predicted sequence in the amino terminus of the protein, was selected as it has been well validated and characterized (30, 56) . Tubules were rinsed three times with the base buffer and then incubated for 1 h with a goat anti-rabbit IgG secondary antibody conjugated with Alexa 488 at a 1:1,000 dilution in 1ϫ PBS containing 1% BSA at room temperature. After being rinsed with 3 volumes of 1ϫ PBS, tubules were colabeled with the principal cell (apical membrane) marker, Dolichos biflorus agglutinin (DBA; conjugated to rhodamine, 1:200 dilution in 1 ϫ PBS), by incubation for 30 min at room temperature. After a final rinse, a single drop of antifade reagent was deposited on each tubule, and the coverglass was sealed onto the slide with clear nail polish. Fluorescence imaging was performed with an inverted Zeiss laser scanning microscope (510-META) using a ϫ40 oil-immersion objective.
Relative quantitation of AT 1R and AT2R mRNA in single CCDs. CCDs were microdissected in 1ϫ PBS containing 10 mM vanadyl ribonucleoside complexes for no longer than 90 min after the death of the animal. A total length of ϳ10 mm of CCDs was pooled for each sample. RNA was extracted from microdissected CCDs, and cDNA was synthesized using random primers as previously described (60) .
AT 1R and AT2R transcript expression was quantitated via real-time PCR using the TaqMan assay and inventoried AT 1R and AT2R Gene Expression Assays (Applied Biosystems, Foster City, CA). The Gene Expression Assay kit for rodent 18S was chosen as the internal positive reference control (Applied Biosystems). Real-time PCR was performed as previously described (60) . The following was added to each 2-l cDNA sample: 8 l of a cocktail mix containing 0.05 l Platinum Taq DNA polymerase, 0.1 unit AmpErase uracil N-glycosylase (UNG), 0.2 l Gene Amp dNTPs with dUTP, 0.2 l passive reference ROX dye, 0.2 l (20 pM) forward and reverse primers, and 0.04 l Taqman probe for 18S or 0.5 l for 20ϫ inventoried specific Taqman Gene Expression Assay. Taq DNA polymerase and ROX were purchased from Invitrogen (Carslbad, CA), and AmpErase uracil N-glycosylase and dNTPs with dUTP were purchased from Applied Biosystems (Foster City, CA). Nuclease-free water was added for a total volume of 10 l. Each plate was then covered with optical adhesive film and, after the initial steps of 50°C for 2 min and 95°C for 10 min and 40 cycles of 95°C for 15 s (melt) and 60°C for 1 min (anneal/extend), detection was performed using an ABI Prism 7900HT Sequence Detection System (Applied Biosystems).
Measurement of cAMP content in single CCDs. Multiple individual CCDs were microdissected from a single kidney in cold Ringer solution within 1 h of euthanization of the rat, and total lengths of ϳ10 mm were transferred to a 1.5-ml microcentrifuge tube to generate a single sample. Thereafter, fresh Ringer solution (50 l) was added to each tube, and samples were allowed to equilibrate to room temperature for 5 min. Next, samples were centrifuged, the supernatant was removed, and Ringer solution (50 l) with IBMX (100 M) or vehicle (DMSO) alone was added. After incubation at room temperature for 20 min, samples were centrifuged, and the supernatant was stored at Ϫ80°C. For measurements of extracellular cAMP, samples of the supernatant were boiled 5 min at 95°C and then centrifuged, and 45 l of the supernatant were mixed with 5 l of the internal standard solution and then subjected to direct analysis. To extract intracellular cAMP from CCDs, 0.5 ml of ice-cold 1-propanol was added to the tissue pellet, and samples were placed in the cold room at 4°C on a shaker for 2 h; 1-propanol extracts were stored at Ϫ80°C. For analysis of intracellular cAMP, 1-propanol samples were taken to dryness, reconstituted in 100 l pure water, and then centrifuged at 8,000 rpm for 10 min. Samples (90 l) were mixed with 10 l of internal standard solution, and this was subjected to direct analysis. cAMP measurements were performed by HPLC-tandem mass spectrometry using a triple quadrupole mass spectrometery (TSQ Quantum-Ultra, Thermo Fisher Scientific, Waltham, MA) as previously described in detail (37, 38) . For each sample, total CCD cAMP content was calculated as the sum of the cAMP content measured in the extracts of single tubules plus that detected in the supernatant normalized to tubule length (in mm).
Immunoblot analysis. Western blot analysis was performed as previously described (42) . Renal cortexes isolated from rats fed the NK diet or one of the two HK diets (5% and 10% KCl, Harland) for 4 -7 days were homogenized in buffer containing 50 mM HEPES, 150 mM NaCl, 1% Triton X-100 and 5 mM EDTA (pH 7.4) supplemented with a protease inhibitor cocktail (Roche Applied Science). Aliquots of the total protein lysate (ϳ50 g) were resolved by 5-15% SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad). Membranes were blocked with 5% nonfat dried milk in PBS-0.05% Tween 20 for 1 h at room temperature and washed three times for 5 min each with PBS-0.05% Tween 20. Blots were then probed with an AT2R polyclonal primary antibody (1:500, Alomone Labs) at 4°C overnight, washed, and then incubated with a horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (1:10,000, Sigma, St. Louis, MO) for 1 h at room temperature. Bound antibody was visualized using the West Pico enhanced chemiluminescence kit (Pierce, Rockford, IL). Membranes were then stripped, blocked, probed with an anti-tubulin antibody (1:1,000, Sigma), and visualized using the same methods as described above for the primary antibody. The intensity of the identified bands was quantified with ImageJ (National Institutes of Health). Relative expression of the AT 2R in HK-fed rats was compared with that detected in NK-fed rats and presented as the fold increase.
Chemicals. N-nitro-L-arginine methyl ester (L-NAME), 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide potassium salt (carboxy-PTIO), 8-bromo-cGMP (8-Br-cGMP), cilostamide, KT-5823, and myristoylated PKA inhibitor 14 -22 amide (PKI) were obtained from Calbiochem (La Jolla, CA). IBMX was purchased from BioMol (Plymouth Meeting, PA). ANG II, PD-123319, CGP-42112, 8-pCPT-2=-O-Me-cAMP (8-pCPT), and other chemicals, including vanadyl ribonucleoside complexes, were purchased from Sigma. Losartan and the affinity-purified AT 2R antibody were generous gifts from Dr. Charles T. Stier (New York Medical College) and Dr. Robert M. Carey (University of Virginia School of Medicine) (30, 56) , respectively. AT 2R antibody was purchased from Santa Cruz Biotechnology and Alomone Labs. Alexa 488-conjugated goat antirabbit IgG secondary antibody was purchased from Invitrogen, and rhodamine-conjugated DBA was purchased from Vector Laboratories (Burlingame, CA). The antifade reagent (Prolong Gold) was obtained from Molecular Probes (Eugene, OR). For those reagents prepared as stocks in DMSO, the concentration of this vehicle in the final solutions to which CCDs were exposed was always Ͻ0.1%.
Data analysis and statistics. Data are expressed as means Ϯ SE; n is the number of animals studied for patch-clamp, Western blot, real-time PCR, or cAMP analyses. Patch-clamp data were analyzed using pCLAMP software system 6.04 (Axon Instruments). Channel activity was defined as NP o, the product of open probability (Po) and channel number (N), which was calculated from data samples of 60-s duration in the steady state as follows: NP o ϭ ⌺(t1 ϩ 2t2 ϩѧiti) (1), where ti is the fractional open time spent at each of the observed current levels. Statistical analysis was performed using SigmaPlot (SPSS). Paired or unpaired Student's t-tests were performed to determine statistical significance as appropriate. Comparisons of mRNA abundance among the three dietary groups were performed by oneway ANOVA followed by a Bonferroni posttest. cAMP data were analyzed using the Aspin-Welch unequal-variance test. Significance was asserted at P values of Ͻ0.05.
Real-time PCR data were analyzed using SDS 2.1 software for the calculation of threshold cycle (C T) values of each transcript. Using the 2 Ϫ⌬⌬CT method (21), data are represented as fold changes in mRNA expression, normalized to 18S, relative to the control. The SD of the difference (s) was calculated from the SDs (S) of the AT 1R, AT2R, and 18S values using the following formula: s ϭ ͌S 1 2 ϩ S 2 2 (21).
RESULTS
As we (54) and others (32, 33) have previously reported, dietary K ϩ loading (4 -7 days) leads to an increase in ROMK channel activity, defined as NP o , in principal cells of the rat CCD (Fig. 1 , B and C; ANG II concentration: 0 nM). Because ROMK channels are clustered in the cell membrane (8) and patches with no apparent ROMK channel activity in NK-fed rats were not included in the analysis of the effect of ANG II on channel activity, the magnitude of the increase in NP o in HK rats (as shown in Fig. 1B ; ANG II concentration ϭ 0 nM) was not as great as that reported by others (33). Our patch-clamp recordings showed that the addition of ANG II to the bathing solution further increased NP o in cell-attached patches in HK-fed rats without a clear dose dependence (Fig. 1, A-C) ; specifically, ANG II in concentrations of 0.1 nM (n ϭ 8, P Ͻ 0.05), 1 nM (n ϭ 6, P Ͻ 0.05), 10 nM (n ϭ 6, P Ͻ 0.05), and 100 nM (n ϭ 10, P Ͻ 0.01) increased NP o (Fig. 1, B and C) . However, ANG II was without a consistent effect in CCDs isolated from rats fed a NK diet; only 3 of 19 patches responded to 1 or 10 nM ANG II with an increase in ROMK channel activity (Fig. 1B) .
The AT 1 R acts to inhibit ROMK channel activity in dietary K ϩ -restricted rats (60) . Given that AT 1 Rs and AT 2 Rs generally mediate antagonistic effects (6), we speculated that the ANG II-induced stimulation of ROMK channels in HK-fed rats was mediated by AT 2 Rs. To test this, CCDs isolated from HK-fed rats were pretreated with the AT 2 R antagonist PD-123319 (10 M) before exposure to ANG II. PD-123319 completely abolished the stimulatory effect of ANG II (100 nM) on the channel [n ϭ 7, P ϭ not significant (NS); Fig. 2 ]. In contrast, in CCDs isolated from HK-fed rats and pretreated with losartan (20 M), an AT 1 R antagonist, ANG II (100 nM) elicited a 37 Ϯ 14% (n ϭ 9, P Ͻ 0.05) increase in ROMK channel activity, a degree of stimulation identical to that observed in CCDs not treated with any receptor antagonist (Fig. 2) . The critical role of the AT 2 R in mediating the ANG II-induced stimulation of ROMK channels was confirmed by exposing CCDs from HK-fed rats to the AT 2 R agonist CGP-42112. Patch-clamp recordings revealed that CGP-42112 (10 nM) increased channel activity by 52 Ϯ 10% in these tubules (n ϭ 5, P Ͻ 0.05; Fig. 2 ).
The AT 2 R is expressed in the adult kidney, including the CCD (26) . Immunoblot analysis confirmed the presence of AT 2 R protein in the renal cortex and revealed an increase in steady-state expression in response to dietary K ϩ loading relative to that measured in NK-fed rats (Fig. 3) . AT 2 R expression increased approximately threefold (n ϭ 3, P Ͻ 0.01) in animals fed the 5% HK diet and approximately sixfold (n ϭ 3, P Ͻ 0.001) in rats fed the 10% HK diet.
To confirm AT 2 R expression in the CCD in HK-fed rats and determine its localization, we performed immunofluorescence labeling of isolated CCDs using antibodies directed against the AT 2 R, visualized with an Alexa 488-conjugated secondary antibody. Antibody binding colocalized with apical DBA, a principal cell-specific marker (Fig. 4) , but was also present in the apical membrane of DBA-negative cells. We observed abundant apical expression of immunodetectable AT 2 R in tubules isolated from HK-fed rats (Fig. 4) . However, only 1 of 20 CCDs from NK-fed rats labeled with the anti-AT 2 R antibody, confirming a report by others (23) showing that expression of the AT 2 R is low in adult rats fed a NK diet. As the focus of this study was on the AT 2 R and steady-state mRNA expression for the AT 1 R was not affected by the HK diet (see below and Fig. 5 ), and as we have already published that the AT 1 R is critical for the renal response to a low-K ϩ diet (60), we elected not to perform an immunocharacterization of the AT 1 R in the CCD.
To determine whether dietary K ϩ loading and the consequent increase of ROMK channel activity are associated with an upregulation of the message encoding the AT 2 R, the relative abundance of receptor-specific mRNA was examined by realtime PCR analysis of single CCDs isolated from rats 12 or 48 h after initiation of HK or NK diets. These time intervals were selected based on 1) a report (33) showing that an increase in the density of conducting ROMK channels was detected as early as 6 h after a K ϩ -rich meal and that the density of channels continued to increase for 48 h while on the same diet and 2) a report (29) showing that once adaptation to a dietary manipulation has occurred, changes in the steady-state expression of genes regulated in the process may be missed if they occur early in adaptation. AT 2 R mRNA expression in CCDs isolated from rats fed a HK diet for 48 h (n ϭ 4) but not 12 h was significantly greater than that detected in NK-fed rats (n ϭ Fig. 5 ). AT 1 R message abundance was similar in HK and NK-fed rats at both time points studied (Fig. 5) . These data suggest that the increase in ROMK channel activity after only 6 h on a HK diet (8) may be mediated by existing AT 2 Rs and/or an alternate mechanism, whereas that observed after 48 h on a HK diet may be due, at least in part, to a dietary K ϩ -dependent increase in the steady-state abundance of AT 2 R (Fig. 5) .
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One signaling pathway known to be coupled to the AT 2 R is the NO/cGMP pathway (6). The CCD expresses three NO synthase (NOS) isoforms, including endothelial NOS (eNOS), inducible NOS (iNOS), and neuronal NOS (nNOS) (1, 44, 55) . To test whether the ANG II-induced stimulation of ROMK channel activity in the CCD was mediated by activation of the NO pathway, we first examined the effect of ANG II on ROMK channel activity in CCDs isolated from HK-fed rats pretreated with L-NAME (200 nM), an inhibitor of NOS. Pretreatment of CCDs with this inhibitor prevented the ANG II-induced stimulation of channel activity (n ϭ 9, P ϭ NS; Fig. 6 ). It should be noted, however, that in 3 of 13 total patches on L-NAME-treated CCDs, ANG II still increased channel activity. We consider that the latter responses may reflect incomplete inhibition of NOS by L-NAME at the low concentration used. Carboxy-PTIO is a free NO scavenger. Pretreatment of CCDs with carboxy-PTIO (300 nM) alone or with L-NAME completely abolished the stimulatory effect of ANG II on the channel (n ϭ 4, P ϭ NS; Fig. 6 ), consistent with a role for NO in the ANG II-mediated response. Neither L-NAME nor carboxy-PTIO had any significant effect on basal channel activity (Fig. 6) .
NO enhances cGMP synthesis via the activation of soluble guanylyl cyclases (35) . In contrast to the inhibitory effect of cGMP on ROMK channels in NK-fed animals (22) , the addition of cell-permeable 8-Br-cGMP to the solution bathing CCDs from HK-fed rats led to an increase in channel activity (n ϭ 4, P Ͻ 0.05) and prevented a further increase in channel activity by ANG II (Fig. 6) . cGMP mediates most of its intracellular effects through PKG. To explore whether PKG participates in the response of ROMK channels to ANG II, we examined the effect of KT-5823 (1 M), an inhibitor of PKG, on ROMK channel activity in CCDs from HK-adapted rats. Patch-clamp recordings confirmed that KT-5823 increased ROMK channel activity (n ϭ 5, P Ͻ 0.05; Fig. 7 ), as has been previously described (22) ; PKG stimulates protein phosphatase 2A (66) , which, in turn, participates in the regulation of ROMK channels (17) . Moreover, ANG II still stimulated channel activity (n ϭ 7, P Ͻ 0.05; Fig. 7 ) in another group of KT-5823-pretreated CCDs to a degree similar to that detected in untreated CCDs. These data suggest that the effect of ANG II on the ROMK channel is not mediated via cGMP/PKG. A recent study (64) has suggested that there is cross-talk between cGMP and cAMP signaling pathways. Intracellular cyclic nucleotide concentrations and effects are determined, in large part, by the activity of PDEs. The Ͼ60 distinct isoforms comprising the large PDE superfamily differ in tissue distribution, sensitivity to specific inhibitors, and mechanisms of regulation (7) . Whereas some isoforms preferentially hydrolyze cAMP or cGMP, others hydrolyze both cyclic nucleotides and can thus regulate the intracellular ratio of cAMP to cGMP. cAMP stimulates ROMK channel activity in a PKA-dependent manner (22, 50) .
We next sought to test whether the ANG II-induced stimulation of ROMK channel activity was due to an effect of the hormone on cGMP-dependent PDE. To test this, CCDs from HK-fed rats were pretreated with IBMX, a broad-spectrum PDE inhibitor, and the effect of ANG II or cGMP on channel activity was examined. We found that IBMX (100 M) activated ROMK channels (n ϭ 6, P Ͻ 0.05; Fig. 8 ) and prevented further channel activation by ANG II (n ϭ 6, P ϭ NS; Fig. 8 ) or cGMP (data not shown). Of note was that pretreatment of CCDs isolated from HK-fed rats with IBMX (100 M) for 20 min led to a significant increase in tubular cAMP content to 1.43 Ϯ 0.35 pg/mm tubule length (n ϭ 14) compared with that measured in vehicle-treated controls (0.61 Ϯ 0.13 pg/mm tubule length, n ϭ 12, P Ͻ 0.05; Fig. 9 ). These data suggest that ANG II-induced changes in cAMP or cGMP content mediate the hormone-induced stimulation of channel activity.
PDE3 is expressed in the mammalian CCD (36) and has a high affinity for cGMP; cAMP and cGMP are competitive substrates for PDE3 (7) . Biological effects of cGMP have been proposed to be mediated by inhibition of PDE3, leading to a reduction in the degradation of cAMP and subsequent activation of PKA (24) . Indeed, addition of the PDE3 inhibitor cilostamide (10 M) to the bathing solution led to a significant increase in ROMK channel activity (n ϭ 5, P Ͻ 0.05; Fig. 10 by ANG II (n ϭ 8, P ϭ NS; Fig. 10 ) or cGMP (data not shown). These observations provide support for the notion that PDE3 participates in the ANG II-mediated stimulation of ROMK channel activity in HK-fed rats and suggest that the effect of ANG II on ROMK channels is mediated via cAMP. cAMP is an important intracellular second messenger that activates PKA and exchange protein activated by cAMP (Epac)1/Epac2, two intracellular cAMP receptors (3). Both Epac1 and Epac2 have been detected in CCDs, and Epac2 is expressed in principal cells of CCDs (18) . To confirm a role of PKA in the ANG II-induced response, the effect of ANG II on CCDs pretreated with PKI, a reagent that inhibits PKA only in the presence of cAMP (5), was examined. Cell-permeable myristoylated PKI (10 M) inhibited ROMK channel activity (n ϭ 6, P Ͻ 0.05), as has been previously described for this channel, which is activated by PKA (22) , and prevented the stimulatory effect of ANG II on the channel (n ϭ 12, P ϭ NS; Fig. 11 ), implicating the cAMP-PKA pathway in the stimulatory effect of ANG II on ROMK channels. Meanwhile, a role for Epac1/2 participation in the ANG II-induced activation of ROMK channel activity was not supported by our finding that 8-pCPT-cAMP (10 M), a specific Epac1/2 activator (3), did not affect either basal channel activity (n ϭ 6, P ϭ NS) or the effect of ANG II on ROMK channels (n ϭ 10, P Ͻ 0.05; Fig. 12 ).
DISCUSSION
ANG II plays a major role in regulating total body salt and fluid balance. Although almost all biological actions of ANG II have been assigned to the AT 1 R, emerging evidence suggests that the AT 2 R plays a physiological role in the regulation of blood pressure and urinary Na ϩ excretion by opposing the vasoconstrictor and antinatriuretic actions of ANG II (4). We now provide experimental evidence that ANG II occupation of the AT 2 R in the rat CCD functions in a counterregulatory mode to the AT 1 R, stimulating ROMK channel activity in rats adapted to a HK diet. The results of this present study are, to our knowledge, the first to attribute a physiological role of the AT 2 R in the regulation of K ϩ homeostasis, specifically by regulating renal K ϩ secretion. AT 2 R mRNA and protein in the kidney is abundant in fetal and early postnatal life (26) . Within the adult rat kidney, immunodetectable AT 2 Rs have been identified in the proximal and collecting tubules (26) . Here, we extend these previously published studies to show that dietary K ϩ loading induces AT 2 R expression in the cortex of adult rats (Fig. 3) . Note that van der Lubbe et al. (47) has reported that rats fed a HK diet identical to that used in the present study for 8 days showed no difference in kidney ANG II levels compared with controls; however, it is important to recognize that whole kidney ANG II may differ from renal tubular ANG II (45) .
Little is known about the function of the AT 2 R. The present study demonstrates that the steady-state abundance of AT 2 R mRNA increases in response to dietary K ϩ loading (Fig. 5) , a finding consistent with our detection of abundant immunodetectable AT 2 Rs in the apical membrane of CCDs isolated from HK-fed animals (Fig. 4) . AT 2 Rs in the latter nephron segments are functional, specifically in HK-fed rats, as demonstrated by our observations that 1) ANG II and CGP-42112, an AT 2 R agonist, stimulate the ROMK channel activity (Figs. 1, 2) the ANG II-induced increase in ROMK channel activity is blocked by pretreatment with an AT 2 R but not AT 1 R antagonist ( 2). We propose that our ability to detect functional AT 2 Rs in HK-fed rats is due, at least in part, to an increase in AT 2 R abundance.
Of note is that the ANG II effect in NK-fed rats is minimal (Fig. 1B) . Our study suggests that ANG II-mediated regulation of ROMK channel activity and thus presumably renal K ϩ secretion becomes apparent only in response to dietary K ϩ manipulations. Although much progress has been made during the past several decades in elucidating the role of the RAS in physiology (13) , the specific effects of the local intrarenal versus circulating RAS and the contributions of AT 1 Rs and AT 2 Rs in the regulation of renal epithelial cell function remain to be more fully explored. Also uncertain is how the activity and responses of AT 1 Rs and AT 2 Rs, both present in the same nephron segment (CCD) and mediating opposite effects under HK and low-K ϩ conditions, are coordinated. Signaling via the AT 2 R is, with few exceptions, distinct from that coupled to the AT 1 R (6). Like the AT 1 R, the AT 2 R is a G protein-coupled receptor, but it has not been associated with any classical G protein-related signaling pathway (6) . An unconventional pathway coupled to the AT 2 R is activation of NO release with a subsequent increase in intracellular cGMP levels (6) ; this pathway may be partially shared by the AT 1 R, if expressed by the cell (46) . An AT 2 R-coupled increase in NO generation has been observed in many tissue/cell types, including vascular tissue (61) and neuronal cells (65) . In the kidney, in vivo infusion of ANG II into conscious rats resulted in a twofold increase in renal cortical interstitial fluid cGMP content; this effect was significantly attenuated by coadministration of either the AT 2 R antagonist PD-123319 or the NOS inhibitor L-NAME, implicating the AT 2 R and NO, respectively, in this response (39) . Consistent with the notion that the AT 2 R in the kidney is coupled to a NO/cGMP pathway is the finding that AT 2 R-null mice exhibit markedly reduced basal and ANG II-induced cGMP and bradykinin levels in renal interstitial fluid (40) . The fact that ANG II-induced NO production in these mice was partially but not completely blocked by the nNOS-specific inhibitor 7-nitroindazole implicated nNOS in NO/cGMP production. As indicated above, nNOS is expressed in the CCD principal cell, the same cell that expresses ROMK channels (55) .
One aim of the present study was to test whether AT 2 R signal transduction in the CCD involves activation of NO/ cGMP, a pathway that regulates the basolateral K ϩ channel in this segment (52) . NO enhances cGMP synthesis via activation of soluble guanylyl cyclases (35) . cGMP inhibits PDE3 activity, which, in turn, inhibits cAMP degradation (7) . The net effect of this series of events, in which PDE3 appears to act as a "cross-linker" between the cGMP and cAMP signaling pathways, is an increase in cAMP accumulation and subsequent activation of cAMP-dependent PKA. Our observations that pretreatment of CCDs with L-NAME and carboxy-PTIO completely abolished the stimulatory effect of ANG II on channel activity (Fig. 6 ) demonstrate that NO is involved in the ANG II-induced stimulation of ROMK channels in HK-fed animals. Furthermore, our finding that 8-Br-cGMP increased ROMK channel activity and prevented a further stimulatory effect of ANG II (Fig. 6 ) in HK-fed rats supports the conclusion that NO/cGMP is involved in this ANG II effect. It is well established that cAMP (22) and cAMP-dependent PKA (53) stimulate ROMK channel activity by phosphorylation of the chan- nel protein (25) , thereby increasing the sensitivity of the channel to phosphatidylinositol 4,5-bisphosphate, an essential "gating molecule" of the channel (20) . ROMK mutants in which potential PKA phosphorylation sites are abolished exhibit low channel activity (20, 63) . A role for cAMP-PKA in the ANG II-induced response was confirmed by our detection of inhibition of the expected ANG II-induced increase in ROMK channel activity in CCDs pretreated with myristoylated PKI, a specific cell-permeant PKA inhibitor that is effective only in the presence of cAMP (5) . We thus propose that ANG II stimulates NO release, which, in turn, increases cellular cGMP, which inhibits PDE3, leading to an increase in cellular cAMP. Notably, in this pathway, PDE3 cross-links cGMP to the cAMP signaling pathway to activate ROMK channels via PKA (Figs. 8 -11) .
The finding of a greater increase in channel activity in CCDs treated with IBMX ( Fig. 8 ) compared with those treated with ANG II or PDE3 inhibitor (Figs. 1 and 10 ) implies that PDEs other than PDE3 contribute to the regulation of ROMK channel activity. PDE4 is the predominant PDE in the renal vasculature (16) , and preclinical evidence suggests that inhibitors of PDE4 may be useful in treating/preventing sepsis-induced acute kidney injury (14) The results of the present study raise the possibility that PDE (and perhaps PDE4) inhibition, via stimulation of ROMK channel activity, could attenuate acute kidney injury-associated hyperkalemia.
Another signaling pathway reported to be coupled to the AT 2 R is that associated with protein phosphatases (6), including tyrosine phosphatase-related MAPK phosphatase (15) and SH2 domain-containing protein-tyrosine phosphatase 1 (2) . The balance of activity of protein tyrosine kinase and protein tyrosine phosphatase within the principal cell regulates ROMK channel density via phosphorylation or dephosphorylation of a key tyrosine residue in the ROMK channel (27) . Of relevance to the present study are the observations that inhibition of protein tyrosine phosphatase reduces ROMK channel activity in the apical membrane of the CCD in HK-fed rats (57) and that HK feeding reduces tyrosine phosphorylation and attenuates endocytotic removal of ROMK channels from the apical membrane, which directly increases channel density (19) . The effect of dietary K ϩ on renal expression of tyrosine phosphatase-related MAPK phosphatase and SH2 domain-containing protein-tyrosine phosphatase 1 has not been explored. Nor is it known whether the ANG II-induced increase in ROMK channel activity in HK-fed rats is due to alterations in AT 1 Ractivated tyrosine phosphorylation and thus trafficking of channel proteins to the apical membrane versus AT 2 R-mediated activation of protein tyrosine phosphatase activity, as has been suggested by others (2, 6, 15) . Future efforts will be directed at exploring these possibilities.
While not a focus of this study, the AT 1 R, which is also expressed in the aldosterone-sensitive distal nephron, may indirectly participate in CCD K ϩ secretion in NK but not HK-fed rats. Previous studies (23, 34, 43) have demonstrated that ANG II stimulates the epithelial Na ϩ channel (ENaC) in the CCD via the AT 1 R; an increase in ENaC activity would be expected to enhance K ϩ secretion. However, in HK-fed rats, an increased fraction of K ϩ secretion is independent of ENaC activity (10) . A HK intake also increases the production of epoxyeicosatrienoic acid, which inhibits ENaC and is thus expected to reduce the driving force for K ϩ secretion through ROMK channels (41, 59) . However, we speculate that ep- oxyeicosatrienoic acid inhibits ENaC predominantly in the late distal convoluted tubule, with a lesser effect in the CCD during HK feeding, based on two unpublished observations: 1) HK intake significantly increases epoxygenase expression in the distal convoluted tubule and 2) ROMK channel activity in the late distal convoluted tubule is lower and less responsive to HK stimulation than in the CCD. The net effect of these adaptive responses on transepithelial K ϩ secretion in the aldosteronesensitive distal nephron of HK-fed animals must await measurements of transepithelial transport in perfused tubules.
In summary, our data build on our previous work (60) to provide further evidence that ANG II plays an important role in the regulation of ROMK channel activity in the distal nephron in response to alterations in dietary K ϩ intake. This mechanism of regulation is distinct from the indirect effect of dietaryinduced changes in circulating levels of aldosterone on the channel. Specifically, the results of the present study reveal that AT 1 Rs and AT 2 Rs play opposing roles in channel regulation (Fig. 13 ). Whereas we have previously reported that AT 1 Rs activation inhibits ROMK channels in rats fed a low-K ϩ diet (60) (Fig. 13, right) , we now show that the AT 2 R in HK-fed animals stimulates channel activity via a NO/cGMP/PDE3/ cAMP/PKA pathway. We consider it likely that the coordinated regulation and functional balance of AT 1 Rs and AT 2 Rs in the CCD, regulated by dietary K ϩ intake and shown in Fig.  13 , determines, at least in part, total body K ϩ balance.
